In this paper we establish a methodology to predict photoacoustic imaging capabilities from the structure of absorber molecules (sonochromes). The comparative in vitro and in vivo screening of naphthalocyanines and cyanine dyes has shown a substitution pattern dependent shift in photoacoustic excitation wavelength, with distal substitution producing the preferred maximum around 800 nm. Central ion change showed variable production of photoacoustic signals, as well as singlet oxygen photoproduction and fluorescence with the optimum for photoacoustic imaging being nickel(II). Our approach paves the way for the design, evaluation and realization of optimized sonochromes as photoacoustic contrast agents.
Introduction
Photoacoustic imaging (PAI) has been introduced as a possible translational molecular imaging technique with non-invasive diagnostic and monitoring capabilities, available without the use of ionizing radiation and at low cost [1, 2] . PAI is based on the excitation of absorbers in tissues by a pulsed laser, which initiates local thermal expansion at the site of the absorber and emission of pressure waves detectable by ultrasound, even from deep within tissues; this is a clear advantage over optical imaging methods, which rely on detection of emitted light and are therefore hampered by light scattering and absorption in tissues. PAI can be combined with ultrasound imaging to provide an instantaneous overlay of morphological and molecular imaging and is already available as clinical prototype hand-held devices that could be used at bedside [3] . Measuring photoacoustic signals in a broad range of excitation wavelengths results in photoacoustic spectra that reflect characteristic profiles of individual molecules.
Postprocessing of the measured PA data by multispectral unmixing allows for analysis of several molecules at the same time.
Even without injection of contrast agents, PAI can characterize tissues due to specific natural photoacoustic spectra of tissue components. Photoacoustic properties of blood, melanin, lipids and collagen have already been successfully employed for PAI [4] [5] [6] [7] [8] [9] [10] [11] [12] . Additionally, many exogenous contrast agents/photoacoustic absorbers have been developed, capable of producing PA signals in the near-infrared (NIR) optical imaging window from 700 to 1100 nm where the prevailing endogenous signals from water and the heme group in blood are at their lowest [13, 14] . Some absorbers such as indocyanine green (ICG), IRDye 800CW (IRDye), 2-NGBD, gold nano-spheres and tripods, Alexa750, Na-BD, and others have been coupled to targeting ligands, yielding targeted molecular imaging capabilities [15] [16] [17] [18] [19] [20] [21] [22] [23] . However, low photostability, poor excretion characteristics, agent size and non-thermal, excited state relaxation mechanisms render the current PA absorbers suboptimal [24] .
Some bio-compatible NIR fluorescent dyes have been discovered to have photoacoustic properties suited for in vivo signal detection. ICG, IRDye and other commercially available cyanine dyes can be used as non-targeted contrast agents but also can be attached to targeting ligands. FDA approval of ICG has granted it widespread use in clinics [25, 26] . However, it has the drawbacks of limited photostability [27] , a short half-life in vivo [28] and creating aggregates [29] leading to spectral shifts as a function of concentration and medium [30] and is difficult to conjugate to targeting units [13] . Cyanine dyes, in general, have limited photostability [31] and radiative relaxation (fluorescence) makes up a significant portion of energy release, resulting in less PA signal production.
As an alternative strategy to generate PA signals in organisms, a variety of genetically encoded and expressed NIR PA probes have been characterized in vitro [32] and expressed in vivo [33] [34] [35] [36] [37] [38] . While the one-to-one co-expression of protein with unaltered function is a clear advantage, the clinical infeasibility of genetic marker methods renders them inapplicable to diagnostic development.
Another strategy relies on nanoparticles that have been broadly developed all over the world as multimodal imaging agents and are discussed extensively [39] [40] [41] [42] [43] . Their popularity is owed to their PA signal generation and versatility as contrast agents [44] , stability and amenability to bioconjugation, enabling effective biomarker targeting for molecular imaging [45] , drug delivery, monitoring [46] and therapy [1, 47, 48] . Their shape and size, as well as modifications, distribution and excretion characteristics vary. Although the raw materials from which they are made may not be toxic, the nanoparticles themselves may be [49] . It is possible that they become lodged in particular organs or organ systems [50] and some, which produce high levels of cytotoxic ROS can have a deleterious effect [51] . Taken together, these complications and disadvantages have created obstacles to the translation of nanomaterials. Further work into mitigation of toxic effects and further characterization of the effects of nanoparticles on in vivo systems is being conducted [52] [53] [54] . Nanoparticles may one day be used routinely in clinics as diagnostics or therapeutic agents but require additional development and do not currently offer the most expedient route to translation.
In summary, although various photoacoustic materials have been successfully used for PAI, the use of PAI in bioimaging is still restricted by the non-ideal properties of these materials with respect to PA efficiency, size, biocompatibility, toxicity and photobleaching. In order to fill this need, biocompatible, small molecule photoacoustic absorbers, termed sonochromes here, characterized by high photostability and optimized for PA signal generation at 800-820 nm, where contributions from oxygenated and deoxygenated blood are equal and minimized within the NIR optical window, should prove most effective, versatile and easily translatable.
Electromagnetic radiation absorbed by a sonochrome is redistributed according to the following energy balance equation:
where E exc is the excitation energy per Einstein, F F is the fluorescence quantum yield, E F is the molar fluorescence energy, F T is the triplet state quantum yield, E T is the molar energy of the triplet excited state and a is the fraction of excitation energy released as prompt heat [55] . For long-lived triplet states, F T is approximately equal to the singlet oxygen quantum yield F d . The a value is proportional to the amplitude of the acoustic wave that is obtained upon excitation with a laser pulse. Thus, higher photoacoustic signals are expected for lower F F and F T .
We chose the chemically and spectrally stable [56, 57] , NIRabsorbing naphthalocyanines (Nc) as macrocycle for the development of an optimized small molecule sonochrome. Ncs have been used for phototherapy [58] [59] [60] [61] [62] [63] [64] . They are usually packed within oil, micelles, liposomes or particles. Oxygen sensitivity measurements were carried out in vivo using micro-and nano-crystalline powders [65] . These nanoformulations may suffer from similar drawbacks as other nanoparticles. The Cremophor EL solution adapted for this paper renders SiNc a half-life of 20 h [66] . Significant work was conducted to characterize the biodistribution and dark toxicity of axially modified SiNc [67] , concluding that there was high biocompatibility. This paper is a stepping stone which sets the design criteria for the creation of water soluble Ncs that would be able to be administered without the aid of nanoformulations.
Recently, other groups showed the first examples of porphyrin, phthalo-and naphthalocyanine formulations used as absorbers in photoacoustic imaging [68] [69] [70] [71] [72] [73] [74] [75] . A silicon naphthalocyanine (SiNc) has been solubilized in a Cremophor mixture and used for imaging in vivo [71] . However, given its sizable fluorescence and singlet oxygen ( 1 O 2 ) production and its PA response at 760 nm, it is not optimal for PAI [76] . Moreover, production of 1 O 2 can have deleterious effects on cells and tissues. Additionally, a tin naphthalocyanine (SnNc) modified for improved solubility has been used to image the brain [77] . However, the chosen axial modification does not allow for additional molecular targeting capabilities. Fig. 1 . Photoacoustic dyes used in this study.
In this work we aim to explore if the production of fluorescence and long-lived species such as triplets and 1 a close to unity. We also aim to determine the proper ligand substitution pattern on the macrocycle necessary to shift the maximum absorption (l max ) to 800-850 nm. To this end, we screened four candidate Ncs ( Fig. 1 ) in toluene and Cremophor-EL (Cremophor) in vitro and compared them with two commercially available cyanine dyes. We then were able to show that they could be imaged photoacoustically in an in vivo environment. This paper also seeks to establish a standardized method for the further characterization of photoacoustic dyes using photophysical techniques and correlating them with in vivo photoacoustic spectroscopy. These tools will establish an improved understanding of a defined structure-activity relationship for successful design and realization of novel photoacoustic sonochromes, tailored for in vivo photoacoustic imaging.
Results and discussion

Absorption and fluorescence spectroscopy
Photophysical properties of all compounds are summarized in Table 1 . With the exception of SiNc, all Ncs show a clearly redshifted Q-band when compared with the water soluble cyanine dyes (Fig. 2) . The normalized absorption spectra of the Ncs in toluene show a substitution-dependent maximum ranging from 760 nm (unsubstituted macrocycle, SiNc) through 800 nm (distally tetrasubstituted, VNc) to 850 nm (proximally octasubstituted, CuNc and NiNc). The molar absorption coefficients (e) are comparable for all metallated samples (approximately 2.5 Â 10 5 M À1 cm
À1
, see Table 1 ). In the case of silicon, the e is roughly double. The water soluble cyanine dyes have e values in the same range as the Ncs.
As observed previously for CuNc, the F F was found to be very low [78] . The fluorescence quantum yields of NiNc and VNc are below the detection limit of our integrating sphere, showing that the insertion of an open shell metal center quenches the luminescence. The literature showed that metal free dyes (SiNc, Cy7 and IRDye) exhibit 10-100 times higher fluorescence [79] [80] [81] .
Photoacoustic spectroscopy
PA signals were measured using two setups. The first, a photoacoustic spectroscopy (PAS) measurement system, as shown in Fig. 3 , and the second, a commercially available in vitro and in vivo multispectral optoacoustic tomography (MSOT) imaging system (vide infra) [82] .
The photoacoustic spectra in toluene are in agreement with the macrocycle substitution dependent shifts shown in the absorption spectra (Fig. 4) . For the substituted macrocycles, the vibrational shoulder around 750 nm can be observed. The vibrational shoulder of the unsubstituted macrocycle (SiNc) is outside of the excitation range of the laser in our setup. Interestingly, a band, red shifted in comparison to the Q-band at 770 nm, can be observed for SiNc centered around 830 nm which seems to indicate lateral coupling (J-aggregates). The axial substitution of the central silicon atom prevents stacking (H-aggregates). At constant concentration in toluene, the PA intensity from greatest to least was CuNc, NiNc, VNc, SiNc.
In Cremophor, the same Q-bands with vibrational shoulders can be observed. The ratio between the main band and the vibrational shoulder drops for CuNc, and to a lesser extent for NiNc, which can be attributed to H-aggregation. In addition, the relative intensity of the SiNc J-aggregate band is higher. Both findings demonstrate that intermolecular coupling in aqueous environments affects the photoacoustic performance. As a consequence, CuNc showed a diminished signal intensity, which could be explained by aggregation due to its low solubility, thereby reducing the molar absorption coefficient. NiNc had the highest PA signal followed by SiNc. The band around 970 nm in Cremophor is an artifact created by small variations in the signal created by water absorption.
We can conclude that measurements in toluene are predictive of the wavelengths at which compounds will respond photoacoustically in water and Cremophor. However, we cannot predict the magnitude of the PA output in water or Cremophor using toluene because aggregation phenomena affect the performance. In Fig. 5c , one can observe a short spike of NiNc signal at 1 ms.
Singlet oxygen photoproduction
Time-resolved near IR phosphorescence signals are often contaminated by an intense spike at the beginning resulting from a combination of scattered excitation laser light, sample fluorescence and luminescence from optical elements such as filters in the detection path. This is well known and has been extensively documented [83, 84] . The decay of this spurious signal is much faster than the phosphorescence of singlet oxygen.
In the case of cyanine dyes, precise estimation of their F D is challenging given their strong emission in the NIR window. That fact notwithstanding, comparison of their time resolved phosphorescence signals at 1275 nm with that of 2-sulphonatephenalenone (PNS) [85] suggests that their F D is below 0.01 (see Table 1 ).
Photobleaching measurements
The photobleaching behaviors of cyanines and Ncs under NIR irradiation in chlorobenzene are shown in Fig. 6 . The Q-band was monitored as a function of NIR irradiation time. We observed significant photobleaching for Cy7 and IRDye. The bleaching of the water soluble dyes can be explained by 1 O 2 mediated selfoxidation. In contrast, the Ncs showed negligible decomposition with the exception of NiNc displaying a marginal drop in the absorption maximum. The reduced photobleaching observed for Ncs can be explained by the intrinsic stability of the macrocycle and the lack of 1 O 2 photoproduction in NiNc, CuNc and VNc. Bleaching of the naphthalocyanine compound proposed in this paper is unlikely to be significant in real imaging conditions and indeed has already been used with higher power lasers as a proof of concept for photothermal sensitization [86] . 
MSOT spectroscopy
The MSOT, schematically depicted in Fig. 7 , was utilized to perform concentration dependence analyses and to assess the utility of the imaging probes in a system designed for the final in vivo application of molecular imaging (Fig. 8) . Due to the well controlled tunability of the laser in the MSOT, we were able to measure spectra as a function of concentration. Moreover, we established a systematic method for data analysis.
Photoacoustic spectra of dye and control samples, in different solvents, imaged within a tissue-mimicking phantom, were acquired ( Fig. 8A and B) . The MSOT spectroscopy and photoacoustic profiles obtained by performing PAS agree with regard to the wavelengths used to induce the highest photoacoustic response. On the basis of the relative intensities of the Q-band's vibrational shoulders, it is possible to identify a higher degree of aggregation for CuNc, VNc and SiNc as opposed to NiNc.
The MSOT spectroscopy experiments were carried out at different concentrations and the photoacoustic amplitude maxima were plotted, resulting in linear dependencies. This can be rationalized by taking into account that the maximum photoacoustic signal (PA max , normalized by the excitation intensity) is approximately proportional to the concentration (c), e max , a, and an instrumental constant k: Thus, the slope is proportional to a Á e max and represents the overall photoacoustic performance including the absorption of excitation energy (e max ) and conversion into prompt heat (a). For the dyes investigated in this study, SiNc in toluene exhibits the maximum e, followed by NiNc, VNc and CuNc. In aqueous environments, IRDye outperforms the Ncs. In order to evaluate the intrinsic efficiency, i.e. a, we also plotted PA max /e max as a function of concentration, where the slope corresponds to a Á k
From this analysis, we infer that, in toluene, NiNc is significantly more efficient in conversion of excitation energy to prompt heat than CuNc, VNc and SiNc. IRDye and NiNc have comparable slopes in aqueous environments and perform better than CuNc, SiNc and VNc. NiNc, CuNc and VNc are expected to have a values close to unity and comparable slopes (see Fig. 8E and F) . The differences could be attributed to the varying degrees of aggregation affecting the photoacoustic spectra measured in phantoms, while the correction was performed using e values obtained by absorption spectroscopy in toluene.
In order to evaluate and visualize the dynamic range, we plotted the logarithm of the photoacoustic maximum normalized by a photoacoustic maximum of verifiable integrity (PA 
This was verified for all dyes in all media above 0.5 mM. Below this concentration some deviation from linearity is observed. The best fits to a slope of unity were observed in NiNc and VNc.
Photoacoustic in vivo imaging
NiNc, SiNc and IRDye were imaged in an in vitro environment made of bio-compatible polyacrylamide (Bio-Gel), which had been injected subcutaneously on the back of living nude mice to form pellets (Fig. 9A) . This allowed us to examine the probes in an in vivo context.
By imaging all three probes in a single scan, we were able to control for mouse to mouse variation. The scans were performed in triplicate and the spectra were averaged (Fig. 9B) . NiNc provided the highest signal, with SiNc and IRDye showing similar and slightly lower PA signal maximum intensities. Photoacoustic spectra retrieved from the pellets were in agreement with the spectra obtained in the in vitro experiments. Pellet cross-sections are shown in Fig. 9C , exhibiting the photoacoustic response at the wavelengths depicted as grey lines in Fig. 9B . The corresponding axial slice diagrams serve to orient the reader. It should be noted that the persistent high activity in the top right corner of the NiNc slices is likely an air bubble, which can occur when air is trapped by a small hair on the skin. It is an artifact and is not included in the volume of interest which was drawn for this example.
Here we showed retrieval of signal from within a modified in vivo environment. Solubilization of Ncs would facilitate further exploration of their biodistribution and unmixing characteristics in a preclinical setting. 
Concluding remarks
Novel sonochromes with optimized photoacoustic efficiency, low toxicity and small molecular size, which are functionalizable by targeting ligands, are needed for the continued development of preclinical molecular photoacoustic imaging, especially when aiming for future clinical translation. Their development has to overcome current limitations with respect to background signals from natural photoacoustic sources and photobleaching. Finally, evaluating novel probes within an in vivo environment is necessary as their desired application is in molecular imaging in organisms.
PAS and MSOT spectroscopy constitute reliable predictive tools for the design of photoacoustic dyes and their performance in an in vivo environment. We have established a systematic data analysis methodology that enables the comparison of in vitro and in vivo photoacoustic performance.
Based on the substitution pattern, the absorption maximum of the compounds can be shifted (Fig. 4A) . Unsubstituted Ncs absorb near 750 nm, distally substituted at 800 nm and proximally substituted at 850 nm. The PA spectra shift similarly to the absorption spectra. Open shell cations favor radiationless relaxation, thus maximizing the photoacoustic performance. With these observations taken together, we propose that Ni 2+ as the central metal ion chelating a distally substituted ligand would be optimal for photoacoustic molecular imaging. To realize tunable, purely photoacoustic sonochromes for in vivo imaging purposes, the naphthalocyanine must be made water soluble. In the future, targetability is also desired and could be achieved through a reactive group being attached to the periphery of the macrocycle. A targeting ligand could then be covalently linked to the molecule, giving it molecular imaging capabilities. Our proposed design, once soluble, will be a tracer, which will improve the preclinical photoacoustic imaging field in terms of ease of unmixing and reproducibility of experiments.
Methods and materials
Compound purveyance
IRDye 800CW (Li-cor, NE, USA), cyanine 7 (Cy7) NHS-Ester (GE Healthcare, Little Chalfont, UK), copper(II) 5,9,14,18,23,27,32,36-octabutoxy-2,3-naphthalocyanine (CuNc), nickel(II) 5,9,14,18,23,27,32,36-octabutoxy-2,3-naphthalocyanine (NiNc), silicon(IV) 2,3-naphthalocyanine bis(trihexylsilyloxide) (SiNc), vanadyl 2,11,20,29-tetra-tert-butyl-2,3-naphthalocyanine (VNc), phenalanone (PN) (Sigma-Aldrich, MO, USA) were used as purchased. 2-Sulphonatephenalenone (PNS) was self-synthesized [85] .
Solutions
Photophysical properties of the NIR absorbing dyes were measured in either spectroscopic grade toluene [56, 88, 89] (Scharlab, Spain) or in Milli-Q water (Merck Millipore, MA, USA). In order to solubilize the highly nonpolar Ncs in a water-based solution to mimic the in vivo environment, the Cremophor-EL (BASF, Germany) solution used by Bézière and Ntziachristos [71] was employed. The final solution had a solvent composition of 2.5% toluene, 10% Cremophor, 1% 1,2-propanediol (Sigma-Aldrich), 1% N, N-dimethylformamide (Scharlab) and 85.5% PBS (Sigma-Aldrich, pH 7.4). The Nc was dissolved to 200 mM in toluene. The 2-propanediol and N,N-dimethylformamide were added and mixed by sonication for 5 min. Cremophor-EL was added and mixed by pipetting and 30 min of sonication. PBS was added and the mixture was sonicated for a further 30 min. All solutions were prepared at a final dye concentration of 5 mM. These solutions were used for the spectroscopy in this study.
Absorption spectroscopic techniques
Absorption spectra were recorded using a Varian Cary 6000i dual-beam UV/vis spectrometer. Additionally, molar absorption coefficients (e) were determined according to the Beer-Lambert law in the 0.02-5 mM concentration range.
Photoacoustic spectroscopy
Photoacoustic spectroscopy (PAS) was conducted using the setup shown in Fig. 3 using the 3rd harmonic of a Surelite II Nd:YAG laser (Continuum, CA, USA). An optical parametric oscillator (OPO) Surelite OPO 12 (Continuum) was used to achieve tuneable wavelengths between 730 and 1000 nm. The resulting beam was passed through a slit to create a rectangular line source. The laser passed through a long pass filter to remove higher frequency photons, left over from lower harmonics of the tripling process.
Samples were measured using a piezoelectric detector 9310 (Quantum Northwest, WA, USA) attached to a fluorescence cuvette in right-angle geometry. The analog signal was amplified using a Panametrics 5662 Preamp (Olympus, Japan) and passed to a Lecroy WaveSurfer 454 oscilloscope (LeCroy, NY, USA) which performed digitalization and signal averaging over 100 shots per measurement. The digital information was transmitted to a PC.
Laser energy was determined by placing a glass slide at a 45
angle in the path of the laser, between the OPO and the slit to split out on the MSOT system as seen in Fig. 7 , which automatically corrects for excitation laser intensity. All calculations were conducted at the excitation maximum of each dye respectively. The signal processing pipeline is depicted in Fig. 10 .
the beam and direct the splitted fraction onto an energy meter RJP-735 (Laser Precision Corporation, CA, USA). This information was also transmitted to the PC. Spectra were further averaged, solvent background subtracted and normalized by the excitation energy. All measurements were made at 25 C. 
The F D of all compounds were determined by comparing the S 0 values of their time-resolved phosphorescence emission at 1275 nm with those of a reference having equal absorption at 355 nm. PNS was used as standard for determination of F D of Cy7
and IRDye in water. Phenalenone (PN) [90] was used as standard for determination of F D of all Ncs in toluene.
Photobleaching
Photobleaching experiments were performed using 5 mM solution of CuNc, NiNc, SiNc and VNc in toluene and Cy7 and (Fig. 8) . Photoacoustic images of the samples were collected in triplicate at different concentrations of the dye, using a phantom setup in the MSOT system as shown in Fig. 7 . For each solute-solvent pair at a particular concentration, images of the substance and solvent background were collected simultaneously and the images were analyzed to extract the raw spectra. After solvent background (BG) subtraction the resulting spectra were zeroed (zeroing) using the signal at a wavelength where the substances were known not to absorb. The three resulting spectra were averaged and the photoacoustic signal maximum was extracted. This process was conducted for multiple concentrations and the maxima of the resulting averages were then plotted as a function of concentration.
IRDye in water. Solutions were irradiated using an A1010 75 W short arc Xe lamp (Photon Technology International, NJ, USA) with a FGL715S 715 nm long pass filter (Thorlabs, NJ, USA) between the excitation light and the cuvette. Samples were illuminated successively for 10, 20, 30, 45 and 60 min cumulatively. Changes in their absorption spectra were monitored using a Varian Cary 6000i dual-beam UV/vis spectrometer.
MSOT photoacoustic spectroscopy
The Multispectral Optoacoustic Tomography system (MSOT) (iThera Medical, Germany) phantoms (objects which stands in for a living subject in imaging studies) consisting of a cylinder of 1.5% agarose with 2% of 20% soy oil as scattering medium and 0.75% 2.5 mM Nigrosin were cast with 2 straws. The straws were removed after hardening and replaced with sealed straws which had been filled with the test solution and a control containing only the solvent. Phantoms were imaged tomographically for the length of the straw taking multispectral photoacoustic images with excitation laser wavelength ranging from 680 to 900 nm at every 5 nm. Images were loaded into an in-house, image processing software, MEDgical (EIMI, Germany). Volumes-ofinterest were drawn around areas of the straw not containing air bubbles. Spectra were exported and processed as shown in Fig. 10 to create plots as a function of concentration using GraphPad Prism 7.
Photoacoustic in vivo imaging
Three nude mice (NMRI nu/nu, Janvier, France) were imaged in the MSOT system. Bio-Gel Polyacrylamide Gel (Bio-Gel) (Bio-Rad, Hercules, CA, USA) was prepared and mixed with 200 mM NcCremophor mix to a final concentration of 5 mM. IRDye was also mixed with Bio-Gel to a final concentration of 5 mM. 100 mL of each Bio-Gel/dye mixture was injected subcutaneously on the back of each mouse [91] . The mice were placed in the MSOT and imaged tomographically in the region of the plaques with excitation wavelengths from 680 to 900 nm at every 5 nm. Images were analyzed using MEDgical. Volumes-of-interest were drawn around the Bio-Gel pellets and spectra were exported. PA spectra were averaged across 3 mice and were plotted using GraphPad Prism 7.
